Aims: The aim of this study was to test the hypothesis that different conformations of misfolded a-synuclein (a-syn) are present in Parkinson's disease (PD) brain. Methods: Using two previously characterized conformations of a-syn fibrils, we generated new conformationselective a-syn monoclonal antibodies (mAbs). We then interrogated multiple brain regions in a well-characterized autopsy cohort of PD patients (n = 49) with these mAbs, Syn7015 and Syn9029. Results: Syn7015 detects Lewy bodies (LBs) and Lewy neurites (LNs) formed by pathological a-syn in all brain regions tested, and is particularly sensitive to LNs and small Lewy dots, inclusions believed to form early in the disease. Further, we observed colocalization between Syn7015 and an early marker of a-syn pathology formation, phosphoSer129-a-syn, and a lack of extensive colocalization with markers of more mature pathology. In comparison, Syn9029 detects Lewy pathology in all regions examined, but indicates significantly fewer LNs than Syn7015. In addition, colocalization of Syn9029 with later markers of a-syn pathology maturation (ubiquitin and P62) suggests that the pathology detected by Syn9029 is older. Semiquantitative scoring of both LN and LB pathology in nine brain regions further established this trend, with Syn7015 LN scores consistently higher than Syn9029 LN scores. Conclusions: Our data indicate that different conformations of a-syn pathology are present in PD brain and correspond to different stages of maturity for Lewy pathology. Regional analysis of Syn7015 and Syn9029 immunostaining also provides support for the Braak hypothesis that a-syn pathology advances through the brain.
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Introduction
Protein aggregates are the key neuropathological hallmarks in a variety of neurodegenerative diseases [1] .
In Parkinson's disease (PD), a-synuclein (a-syn), encoded by the gene SNCA, forms inclusions in axons and neuronal perikarya, referred to as Lewy neurites (LNs) and Lewy bodies (LBs) respectively [2, 3] . SNCA duplication, triplication and point mutations are linked to autosomal dominant PD and directly implicate misfolded a-syn as a causative agent in disease [3] [4] [5] . LN and LB a-syn pathology, referred to collectively as Lewy pathology (LP), shows a progressive complexity of morphological changes and post-translational modifications including phosphorylation, ubiquitination and colocalization with autophagy adaptor protein P62 suggesting that a-syn aggregates mature over time [6] [7] [8] [9] [10] [11] [12] .
a-Syn pathology appears to develop in a stereotypical, spatiotemporal pattern in the brain, with LN formation preceding LB formation [13] [14] [15] [16] , which has also been recapitulated in primary neurone culture models [17] . Spreading of pathological a-syn has been proposed as a potential mechanism for the progression of PD [18] [19] [20] , and this hypothesis has been supported by the observation that embryonic mesencephalic neurones stably grafted into the basal ganglia of PD patients acquire a significant burden of pathological asyn inclusions after 10 years of implantation [21, 22] . Transport and cell-to-cell transmission of a-syn aggregates have also been observed in primary neurones [23] [24] [25] . Additionally, neurone-based and animal models using in vitro generated a-syn preformed fibrils (PFFs) have recapitulated aspects of PD-like pathology and behavioural phenotypes [17, [26] [27] [28] [29] . Importantly, in nontransgenic animals, stereotaxic injection of a-syn PFFs into the striatum led to the development of PDlike LP in interconnected neuronal populations followed by the death of substantia nigra pars compacta (SNPc) dopaminergic neurones and a PD-like motor phenotype. Thus, misfolded a-syn fibrils initiate and propagate pathology in cell and animal models.
We and others have shown that a-syn fibrils can adopt different conformations with distinct biophysical properties in cell-free systems and exhibit discrete phenotypes in cell-based and animal models [19, 20, [30] [31] [32] [33] . We have previously generated unique a-syn PFF conformers (designated strains A and B) from recombinant human a-syn by repetitive self-seeded fibrillization in vitro [31] . Biochemical characterization of strain A and B PFFs suggests that the fibril cores compact differently, as partial digestion by proteinase K showed that the N and C termini of strain B fibrils are more susceptible to degradation than those of strain A fibrils. These altered conformations display distinct phenotypes in primary neurone cultures and in vivo animal model studies. For example, strains A and B PFFs can be distinguished by the extent of a-syn pathology induced (A > B) as well as the appearance of insoluble, tau inclusions induced by strain B, but not strain A. These stark phenotypic differences we observed in our model systems led us to ask if misfolded a-syn in LP in PD cases also adopt different conformations.
In our previous studies, we used strain B PFFs as an immunogen and generated a mAb, Syn9029, that is selective for the conformation of strain B fibrils [31] . Here, we used strain A PFFs as an immunogen and generated novel a-syn mAbs selective for the conformation of strain A fibrils, including Syn7015. Using these conformation-selective mAbs, we then investigated the heterogeneity of a-syn LP in the postmortem brains of patients with PD. Specifically, we systematically categorized the morphology of a-syn pathology and patterns of distribution in brainstem, limbic and neocortical brain regions detected by our new mAbs. Our data support the existence of different a-syn conformations in PD LP that correspond to different maturation stages.
Materials and methods

Recombinant a-syn purification and in vitro fibrillization
Protein constructs, 21-140 a-syn, 32-140 a-syn, 49-140 a-syn, 58-140 a-syn, 1-120 a-syn and 1-130 a-syn, were generated through PCR site-directed mutagenesis with the PRK172/human wild-type a-syn plasmid as the template, expressed in transformed Escherichia coli BL21-(DE3)-RIL cells and purified as described previously [26, 27, 34, 35] . Fibrillization, characterization and storage of the resultant fibrils was performed as described previously [31] and is depicted schematically in Figure 1a .
Primary neurone cultures, fibril transduction and immunocytochemistry
Primary neurone cultures were prepared from embryonic day 15-17 embryos of CD1 mice, transduced with either strain A or strain B PFFs, cultured for 18 days and then fixed and stained as described previously [17, 31] .
a-Syn ELISA
A 384-well Nunc TM Maxisorp TM plate was coated overnight at 4°C with 50 ng of antibody, Syn7015 or Syn211 [36] , and blocked using Block Ace TM solution (AbD Serotec, BUF209, BioRad, Hercules, CA, USA).
PFFs were sonicated (10 min, 30 s on, 30 s off, 10°C, high setting, Diagenode Biorupter TM , Denville, NJ, USA) and serial double dilutions of a-syn monomer and fibrils were made beginning at 256 and 25.6 lg/ml respectively. Fibril concentrations were based on the monomer concentration used during assembly. Protein solutions were added to each well and incubated overnight at 4°C. Next, rabbit a-syn mAb MJF-R1 (1:3K; Abcam, Cambridge, MA, USA) was added for 4 h at 37°C, followed by goat-anti-rabbit-IgG-HRP (1:10K; Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature. Antibody binding was detected using 1-Step Ultra TMB-ELISA TM Substrate Solution (Thermo Fisher Scientific, Waltham, MA, USA) and a Spectramax M5 TM (Molecular Devices, Sunnyvale, CA, USA) plate reader according to the manufacturer's instructions. Plates were washed in an automatic plate washer between each incubation step. Experiments were performed in triplicate and data are graphed in Figure 1c .
Selectivity for misfolded a-syn was further tested via competition ELISA based on the protocol of El-agnaf [37] . Optimal results were obtained using 5 ng of Figure 1 . Generation of a-syn conformation-selective mAbs. (a) De novo strain A (P1) PFFs induce extensive insoluble phospho-Ser129-a-syn (pSyn)-positive aggregates (red) in wild-type mouse hippocampal neurones. Serially passaging (centre) using 10% PFFs from the prior passage to seed monomeric a-syn-generated strain B (P4-P7) a-syn fibrils, which induce both insoluble pSyn (red) and phosphorylated tau or pTau (green) in primary neuronal cultures (right). The aggregates are predominantly found in neuronal process where pSyn and pTau aggregates frequently colocalize (yellow). (b) Syn7015 recognizes a discontinuous epitope with binding elements in the extreme C-terminus and near amino acid 50, whereas Syn9029 recognizes a sequence between amino acid residues 32 and 58. The brackets connecting the two stretches of a-syn are intended to signify the discontinuous epitope recognized by Syn7015. (c) Syn7015 is highly selective for strain A fibrils over a-syn monomer when used as a capture antibody in sandwich ELISA, as compared to the control mAb, Syn211. 
a-Syn antigen preparation
Strain A PFFs were generated as described previously [31] (Figure 1a) . In PBS, 36.5 lM (0.5 mg/ml) strain A PFFs were sonicated and treated with 0.01% v/v glutaraldehyde for 30 min to achieve minimal cross-linking. The reaction was stopped with 1 M Tris, 1 M sodium chloride, pH 7.4. Cross-linking was optimized to eliminate the a-syn monomer band when samples were evaluated by SDS-PAGE ( Figure S1a ), without disrupting the epitopes of a panel of known a-syn antibodies by dot blot (2 lg protein/dot; Figure S1b ) or the ability of the PFFs to seed aggregation of monomeric a-syn.
Anti-a-syn antibody generation and selection
Animal care and all procedures performed were conducted in accordance with the NIH Guide for the Care and Use of Experimental Animals and approved by the University of Pennsylvania Institutional Animal Care and Use Committee. Murine mAbs were raised against sonicated, cross-linked a-syn stain A PFFs as described previously [31, 36, 38, 39] . Hybridoma supernatants were screened by direct ELISA. Supernatants with selectivity for aggregated forms of a-syn were further evaluated by immunohistochemistry (IHC) and positive hybridomas were expanded and subcloned at least twice. Subcloned mAbs were tested as reporters in a direct ELISA for selectivity for strains A and B a-syn PFFs, amyloid-b fibrils and tau fibrils (Figures 1d and S2 ).
Epitope mapping
Approximately 250 ng/lane of full-length mouse wildtype a-syn, full-length human wild-type a-syn, 21-140 a-syn, 32-140 a-syn, 49-140 a-syn, 58-140 a-syn, 1-120 a-syn and 1-130 a-syn were run via SDS-PAGE on a 5-20% polyacrylamide gradient gel, transferred to a nitrocellulose membrane and probed with Syn7015 (1:1K) and a polyclonal control Ab (HuA) [36] . Representative blots and quantification are shown (Figure S2a-c). Because Syn9029 works poorly via western blot, its approximate epitope was ascertained via direct ELISA as described previously [31] . Epitope mapping experiments were run in triplicate ( Figure S2d ) and summarized schematically in Figure 1b (centre).
Studied subjects
Donor brains subjects following neuropathological evaluation were selected from the brain bank at the Center for Neurodegenerative Disease Research at the University of Pennsylvania [40] based on previously published criteria [41] [42] [43] . Informed consent for autopsy was obtained for all patients from their next of kin and this study was approved by the University of Pennsylvania Institutional Review Board. Forty-nine cases with diagnosed PD according to the U.K. Brain Bank Criteria [44] were evaluated immunohistochemically. Age of disease onset, age at death and years of education were abstracted from the medical record by an expert neurologist in movement disorders (RSA).
Semiquantitative IHC
Immunohistochemistry was performed as described previously [40] . Regions examined were a section of the medulla with dorsal motor nucleus of vagus, a midbrain cross-section containing the SNPc and coronal sections of the amygdala including the parahippocampal cortex, the hippocampus at the level of the lateral geniculate nucleus including CA2/3, the entorhinal cortex, the anterior cingulate at the level of the striatum, the superior temporal gyrus from the same coronal section as the hippocampus and the middle frontal gyrus obtained from the coronal section anterior to the striatum. Each region was assessed for the level of Alzheimer's disease (AD) neuropathological change [43] and for Braak PD stage [13] , according to established criteria as reviewed elsewhere [40] .
Syn7015 and Syn9029 mAbs were characterized in ethanol-and formalin-fixed tissue with and without two common antigen retrieval methods ( Figure S3 ). In ethanol-fixed tissue there was no significant gain or alteration of signal by antigen retrieval. Therefore, ethanol-fixed tissue from each PD case was examined using Syn7015 (1:100K), Syn9029 (1:9K) and our standard diagnostic mAb Syn303 [38] (1:60K, Cat# 824301; BioLegend, San Diego, CA, USA) without any antigen retrieval. We examined the brain regions described for LBs using semiquantitative criteria as described previously [40] . LNs, including thick neurites, threads and dots [6, 14, 16] , were scored according to the following inclusion density: 1-2 per region = 'rare'; 2-4 per 109 field = 1 (mild); 5-9 = 2 (moderate) and 10+ = 3 (severe). Antibody reproducibility was verified via IHC and immunofluorescence on 8-10 sections from a variety of brain regions across five different brains. LP was quantified separately by investigators blinded to all clinical data and agreement between reviewers was assessed by Spearman's correlation and found to be 0.7202 (Syn303 LN), 0.7875 (Syn303 LB), 0.7414 (Syn7015 LN), 0.6511 (Syn7015 LB), 0.7578 (Syn9029 LN) and 0.7974 (Syn9029 LB); all Ps < 0.0001.
Double-labelling immunofluorescence
Double-labelling immunofluorescence of Syn7015 with Syn9029 and of both mAbs Syn7015 and Syn9029 with 81A (phospho-Ser129, Cat# 825701; BioLegend), anti-ubiquitin (Cat# MAB1510, EMD Millipore, Darmstadt, Germany) and anti-P62 (Cat# 8878-M01, Abnova, Neihu District. Taipei City, Taiwan) in PD tissue was conducted as described previously [31, 39] using Alexa Fluor 488-and 594-conjugated secondary antibodies (Thermo Fisher Scientific, Waltham, MA, USA). Sections were treated for autofluorescence with Sudan black solution and cover-slipped with Vectashield-DAPI mounting medium (Vector Laboratories, Burlingame, CA, USA). For colabelling experiments, mouse mAbs Syn7015 and Syn9029 were targeted with IgG-specific secondary antibodies (Alexa-594 IgG2b and Alexa-488 IgG3 respectively).
Statistical analyses
Fisher's exact test or Wilcoxon-Mann-Whitney test was used to compare categorical or ordinal variables between clinical groups. Two-sample t-test or one-way ANOVA was similarly used to compare linear clinical variables.
For comparisons of semiquantitative a-syn pathology scores between antibodies, we applied Kruskal-Wallis test, followed by post hoc Wilcoxon signed rank sum test to determine significant antibody pair differences. Each brain region was analysed separately and P-values were corrected for multiple comparisons. Because LB and LN scores are not directly comparable to one another, each pathology score was analysed separately. Statistical calculations were performed using Stata/IC (13.1, College Station, TX, USA). Figures were prepared with Adobe Illustrator TM (CS2, San Jose, CA, USA) and GraphPad Prism (6.0, La Jolla, CA, USA).
Results
Generation and characterization of anti-a-syn conformation-selective mAbs When a-syn monomer is aggregated de novo to form PFFs, the first passage (P1) fibrils efficiently recruit endogenous a-syn to misfold and accumulate as phosphorylated pathological aggregates when added to wild-type mouse hippocampal neurone cultures (Figure 1a , left) [17] . Subsequent fibrillization initiated with 5-10% of P1 PFFs as seeds generated second passage (P2) fibrils, and after several iterations of this sequential seeding paradigm (Figure 1a , centre), a new conformation of PFFs emerged at passages 4-7 (P4-P7) that simultaneously induced both a-syn and tau pathology (Figure 1a, right) . We hereafter refer to P1 PFFs as strain A and P4-P7 PFFs as strain B [31] .
Using strain B PFFs as an immunogen, we generated a mAb, Syn9029, that binds preferentially to strain B fibrils (~3:1, B:A; Figure 1b , right, d) [31] . To generate mAbs selective for the strain A fibrils, we immunized BALB/c mice with strain A PFFs and produced a number of high-affinity mAbs. One mAb, Syn7015 (Figure 1b, left) , had excellent selectivity for fibrillar a-syn over monomer (Figure 1c ). Epitope mapping of Syn7015 revealed a complex, discontinuous epitope with the C-terminal sequence near amino acid 130 being essential for binding and the more N-terminal sequence near amino acid 49-58 enhancing mAb binding (Figures 1b, centre and S2a-c). In comparison, Syn9029 had an N-terminal epitope between amino acid 32-58 that is partially masked by the C-terminal sequence beyond amino acid 120 (Figures 1b, centre and S2d). Syn7015 binds strain A PFFs in preference to strain B PFFs (~3:1, A:B; Figure 1d ) and both mAbs are selective for a-syn in preference to Ab40, Ab42 or tau (Figure 1d ). Preference for a-syn fibrils for these new mAbs was further examined by competition ELISA (Figure S2e-f) . A large excess of monomeric a-syn was required to inhibit binding of Syn7015 to strain A PFFs (EC 50 = 37.2 nM) as compared to Syn211 (EC 50 = 444.7 pM). Similarly, a large excess of a-syn monomer was required to inhibit Syn9029 binding to strain B PFFS (EC 50 = 868.5 nM) as compared to Syn211 (EC 50 = 1.7 nM).
Performance of conformation-selective a-syn mAbs by IHC in human brain tissue
We next sought to characterize these new mAbs in human brain samples from normal controls and PD patients. For comparison, adjacent sections were stained with Syn7015, Syn9029 and the previously described asyn mAb, Syn303 [38] . We did not observe Syn7015 or Syn9029 immunoreactivity in healthy control brains. In contrast, Syn303 detected normal monomeric, synaptic a-syn present in the neuropil ( Figure S4 ). In brain regions believed to be affected early in the disease course, each mAb displayed a strong preference for pathological accumulations of a-syn ( Figure 2 ) and both Syn7015 and Syn9029 detected prominent LB (Figure 2 , black arrowheads) and LN pathology, the latter subdivided into thick LNs (Figure 2 , black double arrows), threads ( Figure 2 , red arrowheads) and dots ( Figure 2 , red double arrows). Large LBs (black arrowheads) and thick LNs (black double arrows) were prominent in the dorsal motor nucleus of the vagus (Figure 2a-c) and substantia nigra (Figure 2d-f) . In the amygdala, in addition to LBs and thick LNs, pathological threads (red arrowheads) and dots (red double arrows) accumulated in large quantities (Figure 2g-i) . Although all three mAbs were able to detect the various types of LP, we noticed that Syn7015 stained more LN pathology than the other mAbs in the substantia nigra and amygdala.
In hippocampal and cortical regions of a small cohort of PD patients, our conformation-selective mAbs showed more divergent staining properties (Figure 3) . While Syn7015 and Syn303 detected relatively similar degrees of LBs and LNs in the entorhinal cortex (Figure 3a,b) , Syn9029 labelled only a subset of the pathological a-syn, mostly LBs, in this region (Figure 3c) . LP in the hippocampus CA2 region primarily takes the form of a plexus of LNs readily seen by Syn303 (Figure 3d ), but only a small fraction of this pathology was detected by Syn9029 (Figure 3f ). In contrast, Syn7015 detected LNs in the CA2 in greater abundance than Syn303, particularly threads (red arrowheads) and dots (red double arrows; Figure 3f ). In the anterior cingulate gyrus, Syn303 and Syn9029 readily detected LBs and rare LNs (Figure 3g,i) , whereas Syn7015 stained both LBs and an abundance of LNs not labelled by the other mAbs (Figure 3h , red arrow heads and red double arrows).
Because these findings suggested that (i) Syn7015 labelled a population of LNs not detected by the other mAbs in addition to the LP detected by all three mAbs and (ii) Syn9029 preferentially recognized LBs, we performed a dilution series with all three antibodies on adjacent sections of anterior cingulate cortex to rule out the effect of concentration on the LP detected. (Figure S5) . Syn7015 retained the ability to detect both LBs and LNs at progressively lower antibody concentrations ( Figure S5e Figure S6 ). Consistent with the selectivity of these antibodies, Syn7015 was more efficiently neutralized by strain A PFFs and Syn9029 preferentially blocked by strain B PFFs ( Figure S6a,g ). Additionally, other strain A-selective mAbs were able to stain LBs and extensive amounts of LNs (e.g. Syn7020 and Syn7068 in Figure S7) . To extend these observations, we performed double-labelling immunofluorescence in the substantia nigra, entorhinal cortex, hippocampus CA and anterior cingulate, and found that Syn7015 detects abundant, small LN pathology that is not labelled by Syn9029 ( Figure S8, white arrows) . Conversely, the majority of thicker LNs and LBs showed good colocalization between the two mAbs ( Figure S8 , white arrowheads). Collectively, these data suggest that Syn7015 detects a form of pathological a-syn common throughout all types of LP, including the smallest, and therefore, presumably earliest LNs. Conversely, Syn9029 appears to identify a conformation of aggregated a-syn primarily found in thicker LNs and LBs, which are traditionally thought of as being more mature inclusions.
Conformational change during maturation of pathological a-syn inclusions in PD
Based on our initial observations of the properties of Syn9029 and Syn7015, we hypothesized that Syn7015 detects a conformation of pathological a-syn that is present in the earliest a-syn pathology, whereas Syn9029 detects a more mature species of LP. To test this hypothesis, we looked for colocalization of LP and other markers of morphological maturation of a-syn pathology (e.g. pSyn, ubiquitin and P62) [7] [8] [9] 12] . All Syn7015-positive pathology colocalized with pSyn, including the thread and dot type LNs that did not colocalize with Syn303 (Figure 4a ). Syn9029 also P62 only weakly colocalized with Syn7015-labelled LBs (Figure 4e ), but often showed extensive colocalization with LBs stained by Syn9029 (Figure 4f ). These results are summarized in Figure 5a and suggest that a-syn confirmation changes as the morphology of LP matures from small, Syn7015-and pSyn-positive dots and threads into larger LNs and LBs that remain positive not only for pSyn and Syn7015, but are also positive for Syn9029, ubiquitin and P62 (Figure 5b ). 
Conformation-selective antibodies detect progressive pathological a-syn maturation in PD brains
Because Syn7015 and Syn9029 could distinguish a-syn inclusions of different maturity, we hypothesized that these antibodies would demonstrate pathological changes in misfolded a-syn conformation within different brain regions and stages of PD. To test this hypothesis, we examined a well-characterized autopsy cohort of 49 PD patients with these conformationselective a-syn mAbs (Table 1) . Forty-one (84%) of the cases were male. Average years of education was 16.4 (SD 2.1) years, average age at disease onset was 63.7 (SD 9.2) years and average disease duration was 13.6 (SD 5.8) years. The majority (75.5%) of patients had neocortical a-syn pathology (Braak PD stages 5 and 6; Table 1 ). Twelve, nine and five PD cases met criteria for low, intermediate or high likelihood of AD neuropathological change [43] . The remaining 23 cases did not have concomitant AD neuropathological change.
We examined nine regions in each PD case for LNs and LBs, using the mAbs Syn303, Syn7015 and Syn9029. Detailed semiquantitative scores for all cases examined are shown in Table S1 . Semiquantitative LN scores, as determined by each individual antibody, were significantly different in all brain regions examined except for the middle frontal cortex (Table S2) . Specifically, when comparing LN pathological severity as determined by each antibody, Syn7015 detected significantly higher burdens of LN, followed by Syn303, then Syn9029, in almost all regions. In contrast, LB pathology burden was equally detected by all three antibodies in almost all regions examined (Table S2 ). In the amygdala, Syn9029 detected less LB pathology than either Syn303 or Syn7015. Frequency plots for LN and LB semiquantitative scores for the substantia nigra and amygdala are shown in Figure 6a ,b. Taken together, these results support our earlier observation that LN pathologies are differentially detected by our new asyn conformation-selective antibodies (Syn7015 > Syn303 > Syn9029), whereas LB pathology is detected more equivalently. Next, we sought to determine if a-syn pathology varied with respect to changes in Braak PD stage. Eleven, 14 and 23 of our cases met criteria for Braak PD stages 4, 5 and 6. When cases were grouped by Braak stage, each antibody detected similar amounts of LB pathology in all regions examined (e.g. Figure 6c-e, left) . LN scores in the substantia nigra were predominantly severe and did not vary substantially when patients were organized by Braak PD stage ( Figure S9a) . In contrast, a progressive accumulation of LNs between Braak PD stages 4 and 6, detected most prominently by Syn7015, was observed in the amygdala, parahippocampal cortex, entorhinal cortex, hippocampus CA and anterior cingulate gyrus (Figure 6c -e, right and S9b-d). A similar trend was also observed between Braak PD stages 5 and 6 in the middle frontal cortex and superior temporal cortex ( Figure S9e ). This suggests that the pattern of more severe LN pathology seen by Syn7015 as compared to that stained by Syn303, and especially Syn9029, continued as the overall Braak PD stage advanced.
Pathological a-syn LP in amygdala-predominant AD Although LP is diagnostic of PD in the appropriate clinical context, LP is also a common comorbidity in AD, with a subset of AD patients having LP confined to the amygdala [45] . We hypothesized that if Syn7015 pathology is less mature than Syn9029 pathology, Syn7015 pathology should be greater than Syn9029 pathology in AD cases with amygdala-predominant LP. To test this hypothesis and determine if our conformation-selective mAbs detected a similar pattern of LP in AD to that observed in PD, we examined the affected brain regions of eight AD cases with amygdala-predominant LP (Table 1) . Both Syn303 and Syn7015 identified moderate to severe burdens of LN in the amygdalae of these cases (Figure 7a,b) , in contrast to Syn9029 (Figure 7c) . Specifically, the LN pathology detected by the three mAbs in the amygdala was significantly different in these cases (v 2 2 = 12.41, P = 0.002). This difference was attributable to Syn9029, which detected significantly lower amounts of LN pathology than Syn303 (z = 2.47, P = 0.014) or Syn7015 (z = 2.47, P = 0.013). Conversely, LB pathology was equally detected by all three mAbs in the amygdala (v 2 2 = 5.42, P = 0.067). These findings suggest that, similar to our findings in PD, the conformation of a-syn pathology in LNs could appear before that of the more mature a-syn pathology stained by Syn9029 in amygdala-predominant AD.
Discussion
Different conformations of in vitro a-syn fibrils, derived through a serial seeding paradigm, have distinct biochemical and biological properties [31] . In order to further define the role of pathological a-syn conformations in PD, here we developed and characterized conformation-selective mAbs for a-syn that display not only a strong preference for aggregated a-syn PFFs over monomer, but also showed modest selectivity for de novo strain A fibrils. The mAb Syn7015 preferentially binds early passages (P1-P2) of a-syn PFFs, whereas our previously reported strain B-selective mAb, Syn9029, shows a predilection for later passages (P4-P7; Figure 1d ). We identified the epitope of Syn7015 as discontinuous with a dependence on both the extreme C-terminus and a stretch of amino acids near position 50 of the a-syn sequence. The epitope for Syn9029 was found to be between amino acids 32 and 58, with removal of the extreme C-terminus enhancing mAb binding. These empirically determined epitopes support the conformational differences previously observed for strain A and strain B PFFs, in which the termini of a-syn are more exposed to proteinase K digestion in strain B PFFs [31] .
Characterization of our novel mAbs biochemically and in PD tissue demonstrated that Syn7015 and Syn9029 see overlapping populations of misfolded asyn LP, and that the LP readily identified by Syn7015 appears to include a less mature form than that detected by Syn9029. Syn9029 shows a strong preference for thick LNs and LBs that are ubiquitinated and often colocalize with P62. In contrast, Syn7015 detects a greater population of a-syn pathology than Syn9029, particularly small LNs and Lewy dots. These results are consistent with the de novo strain A PFF antigen used to generate this mAb being in a conformation that is easily accessible. An abundance of LN pathology detected by Syn7015 in the amygdala, parahippocampal cortex, entorhinal cortex, hippocampus CA, anterior cingulate gyrus, middle frontal cortex and superior temporal cortex of patients with more advanced Braak PD stage suggests that this difference persists throughout the disease course. This finding is in agreement with previous work that shows that LNs are the first pathology described in the progression from early to late stage PD [13] , which is supported by studies of in vitro models of pathological a-syn templated propagation wherein strain A PFFs are more potent than strain B PFFs [17] . Moreover, this data suggests that the conformation of pathological a-syn found in these small LNs could be a readily transmissible one. This hypothesis remains to be tested in a larger autopsy cohort, due to the relatively low number of patients in each Braak PD stage and in animal studies where disease progression can be more easily followed longitudinally. We observed a similar phenomenon in AD patients with amygdale-predominant LP. This supports a hypothesis that a conformation of asyn pathology, labelled efficiently by Syn7015, is the predominant form in the earliest stages of deposition in multiple neurodegenerative diseases.
Collectively, our neuropathological observations match well with the maturation seen in the in vitro generation of strain B fibrils by serial passaging from strain A fibrils [31] . Combining findings from proteinase K digestion, epitope mapping, IHC and biochemical/biophysical studies, our data suggest a model for a-syn conformational evolution in PD ( Figure 5 ).
Misfolding of a-syn first forms smaller, loosely packed structures in which the C-terminus is near the central hydrophobic domain in dots and thin LNs. As thicker LNs and LBs are formed within the neurone, a portion of the misfolded a-syn is converted to more densely compacted species with the termini efficiently excluded from interacting with the amyloid core. Our data also suggest this conformational conversion may be facilitated by recruitment of intracellular machinery responsible for recycling/refolding aggregated proteins, including ubiquitin and P62, consistent with previous descriptions of morphological maturation [6] [7] [8] [9] [10] [11] [12] .
Other conformational mAbs for a-syn have been recently reported by Vaikath et al. that show selectivity for misfolded species over normal monomer in vitro [46] . Their mAbs were found to have discontinuous epitopes that showed some recognition of a C-terminal fragment of a-syn. Furthermore, the authors describe abundant LN staining, including 'microaggregates', that are also pSyn positive. These features are consistent with our characterization of Syn7015, suggesting that these antibodies may be recognizing similar conformers. Based on the analysis of binding to species present at different stages of in vitro a-syn fibrillization, the authors concluded that their mAbs are recognizing 'late' a-syn aggregates. Our results here suggest that a-syn Structural studies of a-syn fibrils to date have focused mainly on the core residues of a-syn as the termini often fail to adopt well-organized structure [47] [48] [49] [50] . However, associations of the C-terminus of a-syn monomer to the NAC domain have been observed spectroscopically [51, 52] , and supported experimentally by findings that show an increased rate of aggregation in vitro for Cterminal a-syn truncation mutants [53, 54] . Such an interaction in the fibrillar form may explain the increased potency in vitro of strain A PFFs if it destabilizes fibril packing and enables more efficient fibril shearing and/or dissociation of small, highly potent a-syn fragments. If a subset of the fibrils within thicker LNs and LBs compact into the conformation recognized by Syn9029, toxicity of strain A fibrils might be mitigated. This process would explain the reduced potency of strain B PFFs in vitro. Post-translational modifications like ubiquitination or changes in intracellular compartmentalization may also contribute to this transition in vivo. Neuronal cultures expressing endogenous levels of both a-syn and tau suggest that these more mature structures could seed other amyloidogenic proteins [31] . This model of a-syn seeding tau may be particularly relevant to Parkinson's disease where the LP deposits earlierand in regions unaffected by -tau pathology.
Our study has several limitations. First, we used a semiquantitative score which might over-or under-estimate pathological burden, although this approach has been validated in intersite comparisons of neuropathological assessment [42, 43] . More quantitative methods might be able to measure subpopulations of a-syn inclusions, including LNs, similar to the methods developed for neuritic tau pathology [55] or dystrophic neurites made up of TDP-43 [56] . In addition, the distinct staining patterns produced by our novel mAbs are potentially subject to scoring bias, although our observers were blinded to the case history and scores were aggregated for analysis. Furthermore, only autopsyconfirmed PD patients were selected for the bulk of this analysis and only a subset of brain regions were studied, which could lead to sampling bias. These regions are diagnostic for PD and Braak staging, and therefore, these regions are justifiable for characterizing novel a-syn mAbs in this exploratory study. Finally, future studies characterizing a-syn conformers isolated from disease brains will provide important insights into the pathogenesis of a-synucleinopathies.
Collectively, our results support the hypothesis that the conformation of a-syn within LP is changing alongside gross morphological maturation. This finding has potentially important implications for therapeutic agents that target a-syn inclusions. Additional study of the pathological species selectively detected by mAbs like Syn7015 and Syn9029 will improve our understanding of the processes underlying PD progression as well as provide novel targets for biomarker assays and disease modifying therapies.
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